In this study, the behavior of Gavoshan dam was evaluated during construction and the first impounding. A two-dimensional (2D) numerical analysis was conducted based on a finite difference method on the largest cross-section of the dam using the results of instrument measurements and back analysis. These evaluations will be completed in the case that back analysis is carried out in order to control the degree of the accuracy and the level of confidence of the measured behavior since each of the measurements could be controlled by comparing it to the result obtained from the numerical model. Following that, by comparing the results of the numerical analysis with the measured values, it is indicated that there is a proper consistency between these two values. Moreover, it was observed that the dam performance was suitable regarding the induced pore water pressure, the pore water pressure ratio r u , settlement, induced stresses, arching degree, and hydraulic fracturing probability during the construction and initial impounding periods. The results demonstrated that the maximum settlement of the core was 238 cm at the end of construction. In the following 6 years after construction (initial impounding and exploitation period), the accumulative settlement of the dam was 270 cm. It is clear that 88% of the total settlement of the dam took place during dam construction. The reason is that the clay core was smashed in the wet side, i.e. the optimum moisture content. Whereas the average curving ratio was 0.64 during dam construction; at the end of the initial impounding, the maximum amount of curving ratio in the upstream was 0.81, and the minimum (critical) amount in the downstream was 0.52. It was also concluded that this dam is safe in comparison with the behaviors of other similar dams in the world.
Introduction
Engineering and economical investigations in dam construction projects throughout the world indicate that, in many cases, rockfill dams with impervious clay cores are the best selection for the final design (Rezaei and Salehi, 2011) . This approach makes the investigation of different issues affecting the stability of rockfill dams worthwhile. In the field of earth and rockfill dams, monitoring of typical physico-mechanical behaviors is a fundamental issue. Measurements of displacements, total stresses, pore water pressures, and arching ratio can be used to carry out a number of tasks (ICOLD, 1982) , such as characterizing the dam's overall behavior (Pagano et al., 1998) , checking the behavior of specific zones, obtaining information about the in situ mechanical properties of embankment soils (Marsal and Resendiz, 1975) , and finally, supporting the difficult task of evaluating dam safety and efficiency (Gould and Lacy, 1993) . Duncan (1996) and Kovacevic et al. (1994) are the main contributors to the state of the art in finite element analyses of embankment deformation behaviors, mainly for zoned earth and rockfill dams. They discussed the analysis methods and their limitations, available constitutive models of stressestrain relationship, and areas of uncertainty. As Duncan (1996) pointed out, most analyses from the literature are of Class C1 according to Lambe (1973) , which may account for the generally good agreement between predicted and observed deformation behaviors.
An important component of embankment dam modeling is the consideration of collapse settlement of susceptible rockfills and earthfills on wetting. The collapse settlement most affects the initial impounding for the upstream dam abutment, but the collapse settlement has also been observed in the downstream dam abutment following wetting due to rainfall, leakage or tail-water impoundment. Incorporating collapse settlement into constitutive models adds further complexity and greater uncertainty in the estimation of material parameters in laboratory and field conditions due to the dependency of collapse settlement on compacted water content, compacted density, applied stress and material properties. Justo (1991) and Naylor (1997) proposed methods for incorporation of collapse settlement of rockfill into constitutive models. Naylor (1991) performed the finite element analysis for Beliche dam, a central core earth and rockfill dam, by considering the collapse settlement of the upstream rockfill in the modeling.
The effect of pore water pressure dissipation in earthfill during construction was also considered by a number of authors including Eisenstein and Law (1977) and Cavounidis and Hoeg (1977) , amongst others. For these cases, the incremental embankment construction was modeled as a two-stage process, the first stage modeling the new layer construction using undrained properties for the core and the second stage modeling pore water pressure dissipation. In most cases, pore water pressure development in the core is ignored. For wet placed earthfill, where high pore water pressures are developed during construction, the core is often modeled using undrained strength and compressibility parameters, and the permeability is assumed as sufficiently low such that pore water pressures will not dissipate during the period of construction. Zhou et al. (2011) assessed the settlement behavior of Shuibuya dam during construction, initial impounding, and two years after operation. They carried out two-dimensional (2D) numerical analyses using finite element method (FEM) , and compared the results with the data measured by the instruments in terms of settlements. In addition, back analysis was performed by utilizing hybrid generic algorithms (HGAs). The results represented this technique as a successful one for controlling the dam deformation. Furthermore, the results demonstrated that the settlement increased apparently after the initial impounding, but the rate of settlement decreased and tended to stabilize over time.
Mahin Roosta and Alizadeh (2012) assessed the nonlinear behavior of rockfill material using numerical analyses and laboratory tests. To estimate the collapse settlement phenomena in the rockfill dam during inundation, strain-hardening and strain-softening models in the fast Lagrangian analysis of continua (FLAC) software (Itasca, 2002) were modified based on the data obtained from laboratory tests. The results helped dam engineers to better predict the nonlinear behavior and collapse settlements in the upstream shell. In addition, the effect of impounding process on the overall stability of a high dam was considered by Luo et al. (2015) . The dam behavior predicted using the three-dimensional (3D) numerical modeling is in good agreement with field measurement in terms of stress and strain distribution characteristics in the dam and foundation, especially when the feedback parameters were adopted for numerical analysis.
As can be seen, previous researches did not consider all parameters in rockfill dams such as settlement, pore water pressure, vertical stress, and arching ratio during the periods of construction and initial impounding in a comprehensive study. This paper presents the evaluation of these parameters in an earth and rockfill dam in stages of dam construction and operation using instrumentation data and numerical modeling. It first introduces the Gavoshan rockfill dam, then reviews the results of settlement, pore water pressure, vertical stress, and arching ratio during construction and the first impounding. Finally, these results are compared with the monitored ones. Fig. 1 . Taking into account the foundation type, the height of the earthfill and the depth of the valley, the profile located at 0 þ 365 km was considered as the most critical cross-section of the Gavoshan dam regarding the accumulation of pore water pressure, the maximum settlement and tolerance, as presented in Fig. 2 . In rockfill dams, the most critical section regarding stability is always the highest section assuming that other conditions are similar in all points. Also most of the stresses, displacements and pore water pressures usually take place in this section. Since there are a number of sections in Gavoshan dam where instruments are set up, it is impossible to analyze all these sections within the limited duration of the present research, only the stressestrain behavior on critical sections is analyzed. Clearly, if the behavior of the dam in critical sections is understood accurately, this behavior could be generalized to all sections of the dam. The construction of Gavoshan rockfill dam started in October 2000 (Fig. 3) . Till 19 June 2004, 115 m of the dam was constructed and the initial impounding had begun. Four months after the initial impounding, on 22 October 2004, the construction was completed. Considering raining seasons in Kurdistan area and also the fact that the central core of the dam body could not be constructed in all seasons, only the 6 months between May and October in each year are suitable for earthfilling with clay materials. Also, considering the high volume of shell materials in the upstream and downstream central cores and the fact that it is impossible to simultaneously execute the construction of the central core and the shell, a part of the upstream and downstream shell is not constructed at the same time with the core, and in the seasons in which the earthfilling of central core is stopped, the construction of the remaining shell is executed.
Main feature of Gavoshan dam

Material properties and numerical modeling
Gavoshan dam was modeled using FLAC software, based on the finite difference method. Mohr-Coulomb elastoplastic model was used for the earthfill, filters and core. As the well-known failure model in soil mechanics, the model states that failure occurs when the shear stress s and the effective normal stress s 0 acting on any element in the material satisfy the following linear equation:
where c and f are the cohesion and the internal friction angle, respectively. In terms of the principal effective stresses, the Coulomb's yield criterion can be expressed by the following equations: This failure criterion can be rewritten in terms of deviatoric stress and mean effective stress which is a more common expression for defining failure behavior in advanced soil models:
In the Mohr-Coulomb model, it is assumed that the material behaves elastically until the failure surface is approached. However, in reality, plastic deformations begin well before failure occurs. But still this model has been used because of its simplicity and ability to obtain reasonable solutions to important practical problems in geotechnical engineering.
Material properties
The material properties used in the numerical analysis were extracted from certain soil mechanics laboratory tests on fine and coarse materials of the dam. The initial values of the parameters in the Mohr-Coulomb model for various zones of the dam are presented in Table 1 . These values are used for preliminary calculations. The calculations will be completed in the case that back analysis is carried out to control the degree of the accuracy and the level of confidence of the measured behavior since each of the measurements could be controlled by comparing it to that obtained from the numerical model. This process and the solution algorithm are described in Fig. 4 . Table 2 lists the back-analyzed material properties. The differences between the initial and the back-analyzed input parameters are induced by the quality control of compaction and the actual natural characteristics of the incorporated materials. Back analysis is an effective method to check and modify the parameters of soils. Moreover, the results of back analysis are beneficial to safety assessment of project itself, and can improve the design of subsequent structures of the same type (Yu et al., 2007) .
Numerical modeling and analysis
Gavoshan dam was modeled in 26 layers. The height of the earthfill layers was defined to be between 3 m and 6 m. First, the cofferdam was modeled at the time when it was constructed, and then the layers were modeled. The Gavoshan dam impounding was done in 11 layers similar to its construction, and the height of the layers was 7e13 m. The impounding of each layer was carried out considering the elevation of the water table behind the dam which was recorded by instruments. The first impounding of the dam was completed in 36 months. It should be noted that in the numerical analysis, the rock foundation was not modeled due to its minor settlement during construction (5 cm), low permeability (approximately 1 Â 10 À6 m/s), and also the concrete slab at the bottom of the clay core and its thickness of 200 cm. Fig. 5 shows the finite element model of the critical cross-section. Four-node quadrilateral elements with a maximum length-to-width ratio of 2 were used for mesh generation.
Figs. 6e11 present the results of numerical analysis in the two phases of dam impounding, i.e. from the filling level of 108 m before the beginning of the first impounding to the water level of 110 m after impounding.
Effects of initial impounding on rockfill dam
One of the crucial issues in earth and rockfill dams is the tolerance of dam during initial impounding. Displacements of the dam in the initial impounding could have a complex nature. To analyze these complex displacements, Nobari and Duncan (1972) investigated the effects of impounding on a dam with mixed cross-section. They stated the effect of water pressure as follows:
(1) The water pressure in the upstream core has increased the total lateral tension and pushed the dam downwards. (2) The effect of water pressure on the upstream foundation, which has a high compressibility, could be highly effective on changes in the shape of dam. (3) The decrease in the effective stress on the upstream shell caused flotation phenomenon which led to buoyant uplift to some extent in this area. (4) The decrease in shear strength parameters and elastic modulus of the upstream shell material caused wetting and rock softening, which eventually induced settlement.
The effects of impounding mentioned above are shown in Fig. 12 . It should be pointed out that the settlement induced in impounding is the most important factor which causes the decreases in frictional resistance and hardness of rocks of impounding layer underneath the heavy weight of that layer (Naylor, 1991) .
In this study, the method provided in Justo (1991) was mainly used for unloading analysis of the lower layers. Because of the impounding effects, the decrease coefficient of internal friction angle of material was assumed to be 20% (Alonso and Oldecop, 2000; Soroush and Aghaei, 2005) . The decrease coefficient of Young's modulus was assumed to be 50% with regard to the studies that have been carried out (Saboya and Byrne, 1993; Varadarajan et al., 2003) .
Results and discussion
In this section, the data recorded by the instruments in Gavoshan dam including settlements, total vertical stresses and pore water pressures at the end of construction and initial impounding are evaluated and then compared with those obtained by numerical analysis.
Settlement
The internal settlements of the dam are categorized into three groups: vertical, horizontal, and rotational movements. Vertical movements show the settlements in terms of material weight, compaction, and consolidation of the dam body. Horizontal movements mainly refer to the upstream movements that occur during impounding in the dam storage, which is induced by the faster reduction in the effective stress in the upstream materials than that in other parts of the dam. Downstream movement is produced by the horizontal water pressure of the dam storage. Rotational movements that appear in the upstream and downstream slopes are induced by the lower shear strength of materials in the foundation or dam body. It is a conventional way to use surveying points, inclinometers (settlement tubes), and/or settlement gages to measure these deformations in earth dams. In this study, only the vertical settlements in the Gavoshan dam obtained from inclinometers are analyzed. To measure the displacement of the dam critical cross-section shown in Fig. 13 , three tubes of inclinometers were installed at the downstream and upstream and near the axis of the dam. were 258 cm and 270 cm, respectively. It was observed that from the initial impounding to the dam exploitation (approximately 5 years), the settlement was only 32 cm, which was 12% of the total settlement of the dam. While 88% of the settlements (238 cm) took place in the construction period, as seen in the figure. The readings of some settlement meter plates were not available due to the blockage in inclinometer tubes, which impeded the settlement meter from going inside the tubes and arriving at the lower levels. Fig. 15 presents the settlements in the inclinometer tubes versus the earthfilling levels at 9 time intervals. Due to inclinometers malfunction, the readings of the inclinometers embedded 75 m below the dam in the upstream were not available. Considering the fact that the maximum dam settlement occurred in the middle sections, it was not possible to obtain accurate results. Fig. 17a compares the settlements obtained from 3 inclinometer tubes at the end of construction (November 2004). As can be observed, the difference in the upstream and downstream core settlements is not significant due to the differences in behavior characteristics and compressibility of the core, filter, drainage and shell. Considering that the materials of the upstream and downstream dam body and the central core were similar, the difference in the settlements in the upper part of the dam was very little. Fig. 17b shows the settlements in April 2008, about 5 years after the beginning of the initial impounding. It can be seen that the settlements increased to some extent in comparison with the ones at the beginning of the initial impounding. It is noted that the increase in the settlement of the upstream shell is greater than that of the downstream shell due to the hydrostatic pressure of water on the upstream shell. Figs. 20 and 21 compare the downstream shell settlements obtained from instruments and numerical modeling in the two periods mentioned above. At the end of construction, these results (Naylor, 1991) .
Comparison of settlements obtained from instrumentation measurements and numerical modeling
are close to each other. This trend keeps constant in the lower part of the dam after the initial impounding. But in the upper part of the dam, the results from instruments are obviously different from the numerical ones. The reason is the low density of the materials in the upper part of the downstream shell and heavy snow and rain in cold seasons of the year in Kurdistan Province, where the annual amount of rain in common climate conditions is 600 mm.
The pressure meters in the upstream section were damaged before the construction was completed. Readings of the remaining pressure meters in September 2003 are compared with the numerical results, as shown in Fig. 22 . The results were not so different up to that date. The difference occurred at the height of 45e65 m, located in the transferring area of the dam. The specifications of the materials in the transferring area are different from those of the filter. However, because the specifications of these materials were not available, we had to consider the specifications of the materials of the filter as the one of the materials of the transferring area. The readings of inclinometers are also compared with the numerical results at different levels of the dam in relation to time, as illustrated in Fig. 23 . As it is observed, the numerical results are very close to the actual ones. It is also shown that the settlement of the dam increases significantly after 48 months (at the end of construction and the start of initial impounding).
Pore water pressure
Vibrating wire piezometers were installed at different levels, i.e. 1430.5 m, 1455 m, 1483 m, 1503 m, and 1526 m, as shown in Fig. 24 . Fig. 25 shows the pore water pressure at 1430.5 m level. As seen in the figure, the electrical piezometers installed on the first level are all readable and the results indicate the accurate function of the piezometers and the natural behavior of dam. With the addition of earthfilling layers, the pore water pressure increases. It is clear that from July 2003 (the 34th month), the growth rate of pore water pressure is reduced. This indicates the drop process of pore water pressure. Fig. 26 indicates the pore water pressure at 1430.5 m level before and after the initial impounding. Before the initial impounding starts, the graph is symmetrical, and the pore water pressure decreases as the distance from the dam axis increases. But after the impounding begins, the upstream clay core has a higher pore water pressure than the downstream clay core. Meanwhile, the pore water pressure of the downstream clay core decreases after the initial impounding due to the pore water pressure drop occurring after construction and initial impounding. Fig. 27 shows the trends of pore water pressure at electrical piezometers EP 306, EP 304 and EP 309 with regard to the time passing by the piezometer EP 304 which is located in the upstream clay core. The figure shows that after 50 months (when the construction was completed), the pore water pressure at EP 304 increases. While the piezometer EP 309, which is located in the downstream clay core, shows a decrease in the pore water pressure in this period, unlike the piezometer EP 304. Piezometer EP 306 located in the middle of the clay core indicates the behavior between those of EP 304 and EP 309 after the beginning of initial impounding. The main difference is the higher pore water pressure at EP 306 in comparison with those at the other two piezometers. The only noticeable point in this graph is the dramatic decrease in pore water pressure growth rate in the 32nd month (July 2003) which is caused by the drop in pore water pressure in this month.
It seems strange for the decrease in pore water pressure in July 2003 at 1430.5 m level regarding the progress in the construction process of Gavoshan dam in the summer and also the prediction that the pore water pressure would increase. To make sure the accuracy of the readings of pore water pressure at the first layer level, one piezometer at the second level, i.e. EP 340, was investigated, as illustrated in Fig. 28 . It is clear that the decrease rate of the pore water pressure at EP 340 is less than that at EP 306 in the first layer.
The pore water pressures measured in June 2003 at different levels of the dam are shown in Fig. 29 . It is observed from the figure that the pore water pressure at 1430.5 m level is larger than the water pressures produced in the upper layers due to greater loads. Additionally, it is noticed that in this figure, the pore water pressure of the second layer is close to that of the first layer. The reason is the high optimum moisture and low density of the second level. From  Fig. 30 , it is seen that the water content of clay is more than the optimum water content in the second level due to its low density percentage according to technical reports, which is 98%. Because of the weight of the overlying layers, high moisture and long distance of fill, the pressure of the water trapped inside the clay increases.
The ratio of pore water pressure is defined as the ratio of the water pressure produced at each point to the vertical load at each point, which can be expressed as follows:
where r u is the ratio of pore water pressure, u is the pore water pressure produced, g is the specific weight of the material, and h is the height of load at each point. Fig. 31 shows the calculated ratios of pore water pressure at three levels of the dam body where electrical piezometers were In order to obtain the measured values of r u , the total vertical stress readings from all the tension cells were needed, but actually, only the total vertical stresses at the first level were available. It is worth mentioning that at the second level, only electrical piezometers were installed, without total tension cells. Also the installed total tension cells in the third level were mostly unreadable. Based on these conditions, the ratio of pore water Fig. 32 . It could be seen that the maximum r u calculated for the first level was 0.46, much less than the measured value of 0.73 due to curving phenomenon. Fig. 33 shows the comparison of pore water pressures in the first layer obtained from instrumentation measurements and numerical modeling at the end of construction. It can be observed that in the boarder of the fills, the pore water pressures are close to each other; but in the core, the maximum pore water pressure measured by the piezometers is approximately 980 kPa, less than the value of 1280 kPa from the numerical modeling. Fig. 34 shows the comparison of pore water pressures in April 2006 (after initial impounding). It can be seen that the difference in the pore water pressures obtained from numerical modeling and measurements decreases. To explain this difference, we first inspect the history of pore water pressure at piezometer EP 306 located in the first layer. As illustrated in Fig. 35 , during construction, the pore water pressure obtained from numerical modeling is greatly different from the measured one, while this difference becomes less in the 50th month (starting of initial impounding).
Comparison of pore water pressures from instrumentation measurements and numerical analyses
As mentioned before, the readings of piezometers located in the second layer were available in September 2003. Fig. 36 compares the results of pore water pressure from numerical modeling and measurements of the electrical piezometers installed in the second layer in June and September 2003. It can be observed that the results are very close to each other in the second layer, and the largest difference was 20e40 kPa. Fig. 37 shows the comparison of pore water pressures measured by the piezometers EP 339 and EP 336 located in the second layer with the numerical results.
As mentioned before, the average water content in the second layer (1455 m) is always higher than the desired one, as well as the average water content in the first layer (1430.5 m). It means that in the second layer, the clay is smashed in the completely wet side and has caused the increase in the saturation degree of clay, supporting the first premise of the numerical analysis that liquid and gas are compressible. Therefore, the numerical results well match the instrument readings.
The above-mentioned reason is more applicable for matching the results in the second layer. The difference of pore water pressure between numerical modeling and measurements of instruments located in the first layer is significantly great, so we cannot consider the layer moisture as modeling error. Fig. 38 shows the sketch map of Gavoshan dam situated on rocky foundation. In the numerical analysis, the foundation was not modeled due to its minor settlement during construction (5 cm), low absorbance (the hydraulic conductivity K is approximately 1 Â 10 À6 m/s), and concrete slab at the bottom of the clay core with the thickness of 2 m. It can be seen in Fig. 38 that the permeability coefficient of the rock of dam shell (K ¼ 5 Â 10 À5 m/ s) is close to that of the dam foundation (K ¼ 5 Â 10 À6 m/s). During construction, the pore water pressure gradually drops in the first layer from the sides of the concrete slab. Even when the concrete slab breaks at some points in the analyzed section of the dam, the pore water pressure decreases in the first layer. But in the second layer, since the piezometers in this layer are far from the foundation of the dam, the pore water pressure in this level is not affected.
Since the dam foundation has been neglected and the bottom of the dam has been assumed to be impermeable in the modeling, the pore water pressure in the bottom layer measured by instruments is significantly different from the numerical result. Therefore, it could be concluded that when the hydraulic conductivities of the rockfill shell and the foundation are close, under any circumstances, the dam foundation should be modeled.
It was observed that after the initial impounding, the pore water pressure obtained from the instruments was close to the result obtained from numerical modeling in the lower sections. After the initial impounding, the upstream and the foundation of the dam are completely saturated and the water can no longer permeate into the dam foundation through the dam core. As can be seen in Fig. 35 , the pore water pressures obtained from numerical analysis and instrument measurement get closer to each other after 2 years. Therefore, the dam foundations in any case should be modeled along with the dam body in order that the analysis results would be very close to reality. 
Vertical stress
To obtain the vertical stress, total pressure cells were installed at two levels, i.e. 1430.5 m and 1483 m, as seen in Fig. 39. Fig. 40 shows the changes in the total vertical stress measured by the pressure cells installed in 1430.5 m level in accordance with earthfilling and impounding at different times. The change process of the vertical stress is steady and agrees with the progress of dam construction and impounding except for the cell PC 330 which shows a very low reading in comparison with the adjacent cells. This is due to the accurate instrument being damaged. As can be seen, the pressure meter cells inside the filters show a different behavior in comparison with those in the clay core. Pressure cell PC 312 is located in the upstream filter and the vertical stress measured by this cell increases after impounding because the materials of the shell and the upstream filter become saturated. Pressure cell PC 333 located in the downstream gives higher pressure readings due to the higher specific weight of the materials of dam shell above the cell, compared with those of the materials of clay and filter. The pressure cells installed in the clay core show that with the progress in earthfilling in Summer 2003, the increase rate of the total vertical stress decreases due to curving. Fig. 41 shows the changes in the vertical stress in the core and the upstream and downstream filters at the first level at different points and times. It can be seen that with the increase in the levels of earthfilling, the stress level in the core and the filter also increases. The maximum stress is mostly related to the pressure cell PC 324 which is located 5 m downstream of the dam axis inside clay. At the end of construction, the cell's reading was 1550 kPa. It can be observed that when impounding begins, the vertical stress in the upstream area has an ascending trend. The highest vertical stress of 2002 kPa was obtained by the cell PC 312 in April 2006.
The minor difference in the stress levels in the core and filter indicates that there was no severe curving. In order to accurately address this issue, it is essential to display the changes in the ratio of the vertical stress to the load in the width of the clay and filters. Fig. 42 displays the development of the vertical stress from PC 321 at different times. It can be seen that the difference in the numerical and actual vertical stresses is 150e200 kPa from the very start of construction till the end of the initial impounding. The vertical stress obtained by the numerical analysis is greater than the actual one, both of which develop in the same trend. The reason is that the soil around the cells was compacted to a lower density in comparison with other parts of the core to prevent damage to the pressure cells. Consequently, the stiffness of soil in the dam body was mostly larger than that around the cells.
Comparison of vertical stresses obtained from measurements and numerical modeling
Arching ratio and hydraulic fracturing probability
Shell materials including rockfill and gravel were stiffer than the materials used in the core. Difference of elasticity modulus between these two kinds of materials made various responses to settlement. In addition, the friction between the core and shell materials caused stress transfer from the core to the shell, which could create a lowstress area in the core. This phenomenon is called arching in earth dams. The following equation presents the arching ratio: where s v is the vertical total stress, and gh is the soil overburden pressure at the point (Terzaghi, 1936 (Terzaghi, , 1943 .
The vertical stress is a major factor to prevent cracking in the core. During construction and initial impounding, decreased vertical stress due to arching phenomenon can produce horizontal cracks because the water pressure is higher than the vertical stress. This is called hydraulic fracturing that makes cracks develop from the upstream to the downstream. Also, it makes a serious damage to the dam body, possibly leading to dam failure. To prevent arching in the core, the arching ratio should be less than 1 at the locations of pressure cells in the core. The higher the value of A r is, the less the arching phenomenon in the core is, and the lower the probability of hydraulic fracturing would be. 64. This indicates that only 64% of the load weight on the core in this level was transferred to the materials underneath it, and the remaining 36% was transferred to the shell and side filters of the core. It is observed that 2 years after impounding of Gavoshan dam, the average arching ratio remains 64%, and the arching ratio in the upstream area increases and even reaches 0.81. But in the downstream areas, this value decreases. The most critical arching occurred in April 2006, as much as 0.52, at PC 330 located in the downstream clay core. This means that by the time that impounding begins, the amount of arching in the downstream core increases. Therefore, the arching ratio in Gavoshan rockfill dam was between 0.81 and 0.52, showing that the dam was located on a safe side in terms of hydraulic fracturing at the end of construction and during the first impounding.
Conclusions
The purpose of this study was to present a general evaluation of dam function during construction and the initial impounding using the data obtained from instruments at Gavoshan earth and rockfill dam and also numerical modeling regarding the stressestrain behavior of the dam. The following results are drawn:
(1) The maximum settlement of the core was 238 cm at the end of construction. In the following 6 years after construction (initial impounding and exploitation period), the accumulative settlement of the dam was 270 cm. It is clear that 88% of the total settlement of the dam took place in dam construction due to the clay core being compacted in the wet side of optimum water content. (2) The average curving ratio was 0.64 in the first layer of the dam. At the end of the initial impounding, the curving ratio was kept constant at 0.64, but the maximum amount in the upstream was 0.81 and the minimum (critical) amount in the downstream was 0.52. This means that by the time when impounding begins, the amount of curving in the downstream of the core increases. Therefore, the arching ratio in Gavoshan rockfill dam was between 0.52 and 0.81, showing that the dam was located on a safe side in terms of hydraulic fracturing at the end of construction and during the initial impounding. (3) The assumptions that the dam is constructed in 26 layers and the impounding occurs in 11 stages are appropriate. Obviously, the assumption of fewer layers in the construction time would change the results of pore water pressure due to the thick layers being placed and their sudden weight addition. Placing layers with the thickness more than 8 m causes extra pore water pressure in the initial stage of construction, and it is better to assume the number of layers in a way that their thickness would be between 4 m and 6 m for analyzing earth and rockill dams.
(4) Before the initial impounding starts, the pore water pressure is symmetrical between the upstream and the downstream. With the increase in the distance from the clay core to the upstream and downstream, the pore water pressure decreases. However, after impounding, the upstream clay core has a higher pore water pressure in comparison with the downstream. Also the pore water pressure of the downstream clay core decreases after the initial impounding It is also noted that the clay's water content is more than the optimum one in some layers. This has led to the increase in the pore water pressure in this part. (5) The total vertical stresses, obtained from the numerical analysis, were proved to have the same trend with the data recorded by the pressure cells, but a small difference in quantity was found between them. This was caused by the local arching phenomena at the installation place of the pressure cells, due to inadequate compaction around these instruments which has caused a low-stress zone.
Finally, it is worth mentioning that the behavior of this dam on its largest cross-section was reasonable in terms of settlement, stress and pore water pressure at the end of construction and during the initial impounding.
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